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ABSTRACT: Tailoring the optical and electronic properties of wide band gap β-
Ga2O3 has been of tremendous importance to utilize the full potential of the material
in current and emerging technological applications in electronics, optics, and
optoelectronics. In the present work, we report the effect of Ti-dopant insolubility
driven chemical inhomogeneity on the structural, morphological, chemical bonding,
electronic structure, and band gap red shift characteristics in Ga2O3 polycrystalline
compounds. Ga2−2xTixO3 (GTO; 0 ≤ x ≤ 0.20) compounds were synthesized using a
conventional high-temperature solid state reaction route under variable calcination
temperatures (1050−1250 °C) while sintering was performed at 1350 °C. X-ray
diffraction analysis of GTO samples reveals that the formation of single-phase
compounds occurs only at a very low concentration of Ti doping (<5 at. %), whereas
higher Ti doping results in composite formation with a significant undissolved TiO2

rutile phase. However, in sintered samples, fraction of undissolved rutile phase
transformed into monoclinic TiO2. Rietveld refinement of intrinsic Ga2O3 and single-
phase Ti-doped compound (x = 0.05) confirms that samples are stabilized in monoclinic symmetry with C2/m space group. Surface
morphologies of samples reveal that intrinsic Ga2O3 exhibits rod shaped morphology, while Ti-doped compounds exhibit spherical
morphology. Moreover, in doped compounds with abnormal grain growth, lattice twinning induced striations were noted in contrast
to intrinsic Ga2O3. High-resolution X-ray photoelectron spectroscopic analysis of Ga 2p shows a positive shift compared to metallic
Ga due to interaction between the electron cloud of adjacent ions. Ti 2p1/2 spectra show anomalous broadening due to the Coster−
Kronig effect. First-principles calculations using hybrid density functional theory show that Ti preferentially substitutes on octahedral
Ga sites and that it behaves as a deep donor in Ga2O3. From the optical absorption spectra, a red shift in the optical band gap is
observed. Absorption within the band gap of Ga2O3 is attributed to the inclusion of undissolved TiO2, as TiO2 has a type I alignment
within the gap of Ga2O3. In addition, the electrocatalytic behavior of GTO compounds was examined. From electrocatalytic studies
it is evident that doped compounds exhibit appreciable electrocatalytic activity in contrast to intrinsic Ga2O3.

1. INTRODUCTION

β-Ga2O3 is an important and extensively studied wide band gap
semiconductor due to its numerous applications ranging from
semiconducting lasers,1 field effect devices,2 flat panel devices,3

photoluminescence,4 high-temperature gas sensors,5 photo-
catalyst,6,7 deep-UV photodetector,8−10 and transparent
conducting electrode (TCO).11,12 β-Ga2O3 exhibits good
thermal and chemical stability as compared to other
polymorphs, which are thermodynamically unstable, and
converts to β-Ga2O3 upon heat treatment.13 The mainstream
of Ga2O3 research is on the periphery even though it has been
known for decades; however, for the past decade the research
has intensified as a prospective wide band gap material in terms
of science and technology and an alternative to SiC and GaN
for ultrahigh-voltage power devices.13,14 In recent years, the
interest in electronic and optical properties of β-Ga2O3 has also

increased to exploit in wide range of gas sensing and
optoelectronic device applications.15

β-Ga2O3 is stabilized in monoclinic crystal symmetry with
C2/m space group at ambient conditions.16,17 The typical
reported optical band gap values of β-Ga2O3 vary in the range
4.4−4.9 eV,18 and in the range of 300−1000 nm wavelength, it
exhibits optical transmittance greater than 80%.19 β-Ga2O3

exhibits high electric breakdown strength and Bagila’s figure of
merit of 2000−3400, which makes it useful for high-power
devices.20,21 Superior structural and physical properties,

Received: June 11, 2019
Revised: January 22, 2020
Published: January 23, 2020

Articlepubs.acs.org/crystal

© 2020 American Chemical Society
1422

https://dx.doi.org/10.1021/acs.cgd.9b00747
Cryst. Growth Des. 2020, 20, 1422−1433

D
o
w

n
lo

ad
ed

 v
ia

 U
N

IV
 O

F
 T

E
X

A
S

 A
T

 E
L

 P
A

S
O

 o
n
 J

u
n
e 

3
, 
2
0
2
0
 a

t 
0
3
:3

5
:4

8
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.



availability of β-Ga2O3 bulk substrates, and the ability to
fabricate in thin film form through various techniques, makes it
a representative candidate for next generation aforementioned
device applications.22

However, continuous efforts of researchers by several
approaches are underway to solve the fundamental problems
associated with the material [p-type conductivity]18,23 and to
tailor the properties for realizing new device applications.
Doping with metallic and non-metallic elements is one of the
efficient approaches in order to achieve desired and control-
lable properties. There are quite a number of reports on β-
Ga2O3 that deal with the effect of elemental doping on
electronic and optical properties. For instance, β-Ga2O3 as a
promising wide band gap transparent semiconductor requires a
controllable carrier density. The as-grown material is usually
unintentionally n-type. This cannot be attributed to oxygen
vacancies, which are deep donors with a very large ionization
energy.24 It has been reported that doping with Si and Sn can
enhance the free electron carrier concentration beyond 1019

cm−3.22,25−27 The optical properties of β-Ga2O3 can be altered
depending on the type of dopants (acceptor or donor). The
blue shift in optical band gap is reported in Mg (deep
acceptor) doped Ga2O3 thin films,28 whereas a red shift in the
optical band gap is reported in W, Mo, and Ti (donors) doped
thin films.29−31 In addition to altering the optical band gap, the
luminescence properties of β-Ga2O3 and other polymorphs of
Ga2O3 are well-reported in literature. In β-Ga2O3 blue
luminescence was observed.32 Moreover, PL properties of
colloidal γ-Ga2O3 nanocrystals (NCs) were also investigated,
showing that these nanocrystals exhibit size tunable PL from
ultraviolet to blue.33 The PL efficiency and dynamics strongly
depended on NC size, structure, and surface modification.34

Eu-doped colloidal γ-Ga2O3 nanocrystals with coexisting Eu-
dopant oxidation states (Eu3+ and Eu2+) exhibit complex
photoluminescence (PL) properties.35 In addition, PL proper-
ties of colloidal lanthanide(III)-doped Ga2O3 nanocrystals
were studied in detail. Eu3+-doped Ga2O3 nanocrystals exhibit
red and blue emission resulting from intra-4f orbital
transitions. Dual blue-green PL emission of Tb3+-doped
Ga2O3 nanocrystals was also demonstrated.36

The optical and electronic properties of β-Ga2O3 such as
photoluminescence, transmittance, optical band gap, carrier
concentration, and chemical bonding are strongly coupled with
the solubility of a particular dopant in the parent matrix,
chemical inhomogeneity that resulted by doping, and micro-
structure. The fundamental problem associated with Ga2O3 is
insolubility of dopants beyond a certain concentration. Hence,
solubility and insolubility in doped β-Ga2O3 compounds lead
to variation in chemical inhomogeneity and microstructure,
and as a consequence variation in optical and electronic
properties. Most of the studies deal with the effect of doping
on optical properties of thin films. But thin film fabrication is a
non-equilibrium process, and an optimized conclusion cannot
be derived in terms of the fundamental science associated with
dopant induced changes in chemical and optical behavior
which may be influenced by variation in chemical inhomoge-
neity and microstructure. To the best of our knowledge,
studies focused toward understanding the effect of doing in β-
Ga2O3 ceramics are scarce. Recently, we reported the effect of
W doping into β-Ga2O3 on the crystal structure, micro-
structure, optical band gap, and changes in chemical
bonding.37,38 Similarly, Fe doping on structural and micro-
structural features was also studied.39 Fe doping in Ga2O3

resulted in the formation of single-phase solid solution without
any phase separation even up to x = 0.30 at. % Fe content,
whereas W doping results in phase separation beyond x = 0.10
at. % W content. Moreover, these studies deal with charge
balanced compounds due to isovalency of Ga, Fe, and W.
Hence, in the present report we were inclined to develop
charge imbalanced compounds by doping with aliovalent Ti4+

and study the dopant influence on crystal structure, micro-
structure, chemical bonding, and optical properties of Ti:β-
Ga2O3 bulk ceramics. The impetus to choose Ti dopant in this
study is 2-fold: (a) Shannon ionic radii40 of Ti4+ in both
octahedral and tetrahedral coordination (0.605 Å, 0.42 Å)
closely matches with Ga3+ (0.62 Å, 0.47 Å), and (b) TiO2 is a
proven and promising candidate for applications including, viz.,
solar cells, sensing, photocatalyst, and optoelectronic devi-
ces.41−44 The promising properties of TiO2 may induce novel
properties in Ti:β-Ga2O3 compounds;for example, a recent
report on Ti-doped β-Ga2O3 single crystals proposes that these
compounds might be potential candidates for ultrafast and
tunable lasers.45 Moreover, similar to Ga2O3, TiO2 also exhibits
different polymorphic phases in nature (anatase, rutile,
brookite, and TiO2(B)) with band gap ranging from 3.0 to
3.2 eV.41,46,47 In doped compounds phase transitions
associated with polymorphs greatly influence the structural
and optical properties of the parent phase (in this study,
Ga2O3). Hence, this work mainly focused on understanding
and establishing the correlation between chemical inhomoge-
neity, insolubility, structural characteristics, and anomalies
associated with optical properties of Ti:β-Ga2O3 bulk ceramics.
Here, we have selectively chosen a mixed-phase precursor of
TiO2 (80% anatase + 20% rutile) to synthesize GTO
compounds; this precursor is considered as an exceptional
photocatalyst compared to single-phase compounds.47 We
believe this detailed study will be helpful for realizing new
optoelectronic device applications based on β-Ga2O3. More-
over, recent studies indicate that Ga2O3 has high utility as a
photocatalyst for the creation of H2 fuel, especially through
water splitting.48 In addition, the photocatalytic activity of
other polymorphs of Ga2O3 has been studied. Zhang et al.
demonstrated that γ-Ga2O3 nanoparticles synthesized from
solvothermal process exhibit enhanced photocatalytic activity
when these nanoparticles incorporated into liquid metal/metal
oxide frameworks made of micro-nanosized galinstan spheres.6

Moreover, hexagonal α-Ga2O3 nanoflakes derived from liquid
metal gallium via sonication and subsequent annealing exhibit
photocatalytic activity.49 The enhanced photocatalytic activity
of these nanoflakes was attributed to a narrowed band gap
(1.65 eV) resulting from trap states. Hence, in this report we
also made an attempt to explore the electrocatalytic activity of
titanium-doped gallium oxide toward hydrogen evolution
reaction.

2. EXPERIMENTAL DETAILS

2.1. Synthesis. The conventional high-temperature solid state
reaction was used to synthesize Ti-doped compounds (Ga2−2xTixO3

(GTO; 0 ≤ x ≤ 0.2). To synthesize GTO compounds, high-quality
precursors (Ga2O3, TiO2 (anatase + rutile)) were procured from
Sigma-Aldrich with purities 99.99% and 99.9%, respectively. The
high-purity precursors were weighed in stochiometric proportions to
synthesize the respective compound. Stoichiometrically weighed
precursor powders were homogeneously pulverized in an agate
mortar with acetone as a wetting medium; a homogeneous mixture of
GTO compounds was created. Usually 60−90 min of time was
allocated for the pulverization of GTO compounds to enhance
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homogeneity. After pulverization, compounds were calcined at
different temperatures 1050, 1150, and 1250 °C for 12 h with
intermediate pulverization to complete the reaction and to determine
the optimal solubility limit. Having performed the phase analysis of
calcined powders, powders were pelletized in the form of circular disc
by adding binder (2% poly(vinyl alcohol) (PVA)). Circular disc
pellets of 8 mm diameter and 1 mm thickness were pressed out from a
MTI hydraulic press by applying a load of 1.5 tons. These green
pellets were then sintered at 1350 °C for 8 h with binder burnout
carried out at 500 °C (30 min). Once the pellets were sintered, the
final properties were derived from sintered pellets/powders.
2.2. Characterization. X-ray Diffraction (XRD). A Rigaku

Benchtop powder XRD-Mini Flex II was used to analyze the
composition and crystal structure of ceramics. The patterns collected
from the diffractometer were calibrated to record from 10° to 80° of
2θ range. Step size was kept at 0.02° with a scan rate of 0.6°/min.
Furthermore, Rietveld structural refinement single-phase compounds
carried out using Fullprof Software.
Scanning Electron Microscopy (SEM). Microstructural features

were obtained using the Hitachi-4800 scanning electron microscope.
SPI sputter coating module was used to coat gold over the pellets for
improved imaging.
X-ray Photoelectron Spectroscopy (XPS). The chemical analysis of

the as-prepared GTO compounds was examined by employing X-ray
photoelectron spectroscopy. All of the samples were mounted on a Cu
stub using double-sided Cu tape and analyzed using a calibrated
Kratos Axis Ultra DLD spectrometer (Kratos Analytical, Manchester,
U.K.), which has a high-performance Al Kα (1486.7 eV) spherical
mirror analyzer. A piece of Cu tape was attached to the sample surface
connecting the stub in order to avoid charging issues (e.g., peak
broadening, peak shifting, and so on), though charge neutralizer was
used to compensate for the remnant surface charging effects. Survey
and high-resolution (HR) scans were collected at pass energies of 160
and 40 eV, respectively. Surveys were obtained over the binding
energy (BE) range of −5 to +1400 eV with a step size of 0.5 eV,
whereas HR scans were obtained with a step size of 0.1 eV. The
analysis area (i.e., 700 × 300 μm2) is referred to as the full width at
half-maximum (fwhm) of 0.78 eV for Ag 3d5/2 collected at 40 eV pass
energy. HR scans were obtained for Ga 2p, Ga 3d, Ti 2p, O 1s, and C
1s peaks. Each HR scan was recorded for at least 16 sweeps in order
to get well-resolved spectra. Both spectra (i.e., survey and HR) were
collected under ultrahigh-vacuum (UHV; 4 × 10−9 Torr) condition.
C 1s binding energy at 285 eV was used for the charge reference. Both
spectra (i.e., survey and HR) were analyzed using CasaXPS V2.3.16 to
obtain the atomic composition and more involved studies,
respectively. Peaks were fitted by employing both Gaussian/
Lorentzian (GL(30)) line shape and Shirley background subtraction,
whereas compositional analysis was performed by employing the
relative sensitivity factors for the instrument. At least three positions
were chosen per sample in order to maintain the good statistical
index. The estimated error for calculating the atomic concentrations
of Ga, Ti, and O is considered ±0.01 at. % in this report
UV−Visible Spectroscopy. The optical absorption spectra were

obtained from a JASCO made UV−vis spectrophotometer. Optical
spectra are highly influenced by impurities, crystal symmetry, and
defects. It is even influenced by the nature of hybridization between
atomic orbitals for any given compound. Hence it is quite essential to
understand the optical absorption spectra to gain valuable insights
into elemental doping of a system.
Electrochemical Characterization. The electrocatalytic activity of

Ti-doped Ga2O3 toward the hydrogen evolution reaction (HER) was
evaluated using a three-electrode system using 0.5 M H2SO4(aq)
electrolyte. Linear sweep voltammetry (CHI 6273E potentiostat) with
scan rate of 50 mV s −1 was conducted using Ag/AgCl reference
electrode and platinum as the counter electrode. For preparing the
working electrode, powdered samples were mixed well in 80 μL of 5
wt % Nafion 117 solution (Sigma-Aldrich) through sonication.
Subsequently, 20 μL of the above solution was drop cast onto a
freshly polished glassy carbon working electrode, and the redox
properties were analyzed in the 0 to −1.5 V voltage range.

2.3. Computational Methodology. We use density functional
theory as implemented in the VASP code,50 using projector
augmented wave potentials51 with an energy cutoff of 400 eV and a
2 × 2 × 2 k-point grid using a 120-atom supercell, corresponding to
the 1 × 3 × 2 supercell of the conventional unit cell.52 To accurately
model the electronic and structural properties of Ga2O3, we use the
HSE06 hybrid functional,53 with a mixing parameter of 32%. Ga d
electrons are included in the valence, as this was found to be
important to accurately describe the ground state of Ga2O3 and the
preferential positions of Al in Ga2O3.

54,55 All atomic positions are fully
relaxed so that the remaining forces are smaller than 0.01 eV/Å.
Formation energies were obtained using the formalism outlined in
ref.56, where we referenced the chemical potentials of Ga to bulk
metal and those of O to the O2 molecule. Ga-rich and O-rich
conditions were defined by the enthalpy of formation of Ga2O3. The
chemical potential of Ti was determined by equilibrium with rutile/
anatase TiO2, corresponding to the solubility limit.

3. RESULTS AND DISCUSSION

3.1. Phase and Structural Analysis. The X-ray
diffraction patterns of samples calcined at initial calcination
temperature, i.e., 1050 °C (not shown here) revealed a high
quantity of unreacted secondary phase corresponding to TiO2.
Hence, calcination was carried out at higher temperatures 1150
and 1250 °C. The XRD patterns of GTO compounds calcined
at 1150 and 1250 °C are shown in Figure 1a,b, respectively. It
is evident that all of the samples exhibit traces of TiO2. The
volume fractions of anatase and rutile phases were determined
from the X-ray diffraction pattern of the TiO2 as-received
precursor from 100% intensity Bragg reflections of anatase
(101) (25.32°) and rutile (110) (27.44°) using the following
equations.57,58

=

+

I

I I
volume fraction of anatase

( )

A(101)

A(101) (110) (1)

=

+

I

I I
volume fraction of rutile

( )

R(110)

A(101) (110) (2)

From the above equations the obtained volume fractions of
anatase and rutile phases are approximately equal to 80% and
20%, respectively.
From Figure 1a (calcined at 1150 °C), the X-ray diffraction

patterns clearly show the presence of a secondary rutile phase
even at low concentration (5 at. %) of Ti doping. However,
there is no signature of unreacted anatase phase in all of the
synthesized compounds. The intensity of the Bragg reflection
corresponding to the rutile phase gradually increases, which is
due to the non-equilibrium nature of the anatase phase and
provision of conversion into a stable rutile phase between 600
and 1000 °C. Further samples were calcined at 1250 °C in
order to estimate the optimal solubility limits of Ti into the
Ga2O3 parent matrix. The diffraction pattern is indexed with
respect to intrinsic Ga2O3 monoclinic symmetry.37

Figure 1b represents X-ray diffraction patterns of samples
calcined at 1250 °C and precursor TiO2. From diffraction
patterns, it is clearly evident that there is formation of the
single-phase Ti:Ga2O3 compound at lower concentration (5 at.
%) of Ti doping, whereas beyond 5 at. % Ti doping results in
formation of an unreacted TiO2 rutile phase. However,
Shannon ionic radii of Ti4+ and Ga3+ closely match in both
tetrahedral and octahedra coordination.40 We calculated the
formation enthalpy of TiO2 to be −9.17 eV and of Ga2O3 to be
−10.47 eV, so very similar formation energies. Hence, the
difference in formation enthalpies can be ruled out for
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insolubility. Moreover, electronegativities of Ti4+ (1.5) and
Ga3+ (1.8) are in close proximity. So, it is worthwhile to
mention the aliovalent characteristics of Ti 4+ and Ga3+ would
be a possible reason for insolubility of Ti into the Ga2O3 matrix
phase. Here, we have determined the volume fraction of the
unreacted TiO2 phase from 100% intensity Bragg reflections of
rutile TiO2 (110) and Ga2O3 (111) using the following
equation.57,58

=

+

I

I I
volume fraction of TiO phase

( )
2

RTiO (110)

Ga O (111) RTO (110)

2

2 3 2

(3)

Estimated volume fractions of the rutile phase in mixed
phase compositions of x = 0.10, x = 0.15, and x = 0.20 are
7.7%, 11.8%, and 13.9%, respectively. The estimated volume
fraction of the rutile phase is nearly corroborated with
stoichiometric calculations. In Figure 1b peaks corresponding
to the rutile phase are highlighted by a vertical green solid oval
to enhance the visibility for the reader. Enlarged X-ray

diffraction profiles of high-intensity peaks are shown in the
inset of Figure 1b to verify the Ti induced shift in the Bragg
position. From the inset, there is no prominent shift in Bragg
position but there is a small shift toward lower Bragg angle in
Ti-doped compositions. However, the smaller ionic radii of
Ti4+ compare to those of Ga3+ should lead to a shift in the
Bragg position toward higher Bragg angle. The contradiction
between the shift in the Bragg position and ionic radii might be
due to Ti induced local structural disorder that resulted by
global charge imbalance.
Figure 2 shows the X-ray diffraction patterns of samples

sintered at 1350 °C for 8 h. In sintered compounds with high

Ti content, the Bragg reflection of the rutile phase around
27.44° shifts toward lower Bragg angle (26.87°). Such a shift in
the Bragg position may be attributed to thermal expansion of
the lattice. The volume fraction of unreacted rutile phase after
sintering is estimated using eq 3. The estimated volume
fractions of undissolved rutile TiO2 phase in doped
compounds with Ti concentration ≥ 10 at. % are 4.0% (x =
0.10), 4.8% (x = 0.15), and 6.4% (x = 0.20). Moreover, in
sintered compounds we have noticed another secondary peak
around 28.43°. This secondary peak closely matches with
monoclinic TiO2 (PDF No. 03-065-6429) with space group
P21/m. Hence, it is evident that the fraction of undissolved
rutile TiO2 transforms into a metastable monoclinic phase due
to the high-temperature sintering process. As a consequence,
the volume fraction of undissolved rutile phase is decreased in
sintered compounds compared to calcined compounds.
The crystal symmetries of single-phase compounds, intrinsic

Ga2O3 and Ti-doped Ga2O3 (5 at. %), are verified through
Rietveld analysis of diffraction patterns. Figure 3 represents
refined patterns of intrinsic and doped compounds (x = 0.05)
sintered at 1350 °C. The refinement of experimental patterns
was carried out using a monoclinic model of intrinsic Ga2O3

with space group (C2/m). The goodness of fit (χ2) of refined
patterns reveals that both intrinsic and doped compounds are
stabilized in monoclinic phase. The obtained structural
parameters are shown in Table 1.

3.2. Computational Analysis. Our calculations reveal that
Ti atoms preferentially substitute on the octahedrally

Figure 1. (a) X-ray diffraction patterns of synthesized compounds
calcined at 1150 °C and as received precursor TiO2. (b) X-ray
diffraction patterns of synthesized compounds calcined at 1250 °C
and as received precursor TiO2.

Figure 2. X-ray diffraction patterns of sintered powders at 1350 °C
and as received precursor TiO2.
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coordinated Ga sites, with an energy difference compared to
tetrahedrally coordinated sites of 0.90 eV for the 0 charge state
and 0.37 eV for the 1+ charge state, as shown in Figure 4.
For both configurations, Ti will behave as a deep donor: for

Fermi levels up to 3.42 eV (3.95 eV) above the valence-band
maximum the octahedral (tetrahedral) Ti occurs in the 1+
charge state, indicating that it donates an electron to the
conduction band. For larger Fermi levels, the Ti dopants will
remain neutral.
Note that for Fermi levels up to 0.5 eV above the valence-

band maximum, hole polarons can form, similar to what was
found for other transition metal dopants.59 Since these
correspond to a 1+ charge state with one- or two-hole
polarons and not a natural charge state, these are not shown in
Figure 4.
3.3. Morphology. Figure 5 represents the scanning

electron microscopic images of samples Ga2−2xTxO3 (0 ≤ x
0.15) sintered at 1350 °C for 8 h. Intrinsic Ga2O3 exhibits rod-
like grain morphology, whereas doped compounds exhibit
nearly spherical morphology. In intrinsic Ga2O3, grain
boundary connectivity with adjacent grains was discontinuous;

the agglomerated grains or particles are found in certain
regions. However, Ti doping drastically changes the morphol-
ogy from rod-like shape to nearly spherical grains. The
approximate grain sizes in intrinsic Ga2O3 varies in the range
1−3 μm, whereas the increment in grain size is evident in
doped compounds, which is approximately up to 5 μm. The
abnormal grain growth was noticed in Ti-doped compounds;
such abnormal grain growth was attributed to defects induced
by enhanced mass transport.60−62

Interestingly lattice twinning induced striations are found in
Ti-doped compounds in contrast to intrinsic Ga2O3. Such
twinning in doped compounds is attributed to anisotropic
grain growth along specific crystallographic orientation.37,63

The density of twinning induced striations increases with
increasing Ti content. In addition, in accordance with phase
analysis by X-ray diffraction (Figure 2), the unreacted TiO2

segregated in the matrix phase as rod shaped morphology. Due
to segregation of TiO2 the discontinuity in the matrix phase
resulted in relatively porous morphology in undissolved
compounds.
Figure 6 represents energy dispersive X-ray spectroscopic

mapping and spectra of two selected compositions. Mapping
clearly shows uniform distribution of Ti, Ga, and O elements
in a single-phase compound (x = 0.05), whereas, in the
undissolved compounds, the absence of Ga was noticed in
regions with segregated TiO2. The TiO2 region in mapping
also corroborates with rod shaped morphology (shown in the
figure). EDS spectra (Figure 6c,d) reveal that in accordance

Figure 3. Reitveld refinement of intrinsic Ga2O3 and Ti-doped
compound (x = 0.05) sintered at 1350 °C.

Table 1. Structural Parameters of GTO Compounds (x =
0.00 and 0.05)

atomic coordinate

Ti concn atom X Y Z Uiso

0.00 Ga1 0.09104 0.00000 0.79590 0.00772

Ga2 0.15858 0.50000 0.31332 0.00432

O1 0.16257 0.00000 0.11307 0.0080

O2 0.17048 0.00000 0.57658 −0.00077

O3 −0.0037 0.50000 0.25023 −0.0050

0.05 Ga1 0.09180 0.00000 0.79140 0.01749

Ga2 0.15472 0.50000 0.31218 0.00302

O1 0.1484 0.00000 0.1511 0.01092

O2 0.1549 0.00000 0.5989 −0.0020

O3 −0.0354 0.50000 0.2410 −0.05684

Ti1 0.09180 0.00000 0.7914 0.01749

Ti2 0.15472 0.50000 0.31218 0.00302

Figure 4. Formation energy diagram of substitutional Ti on
octahedral and tetrahedral Ga sites as a function of the Fermi level,
starting from the valence-band maximum (VBM) to the conduction-
band minimum (CBM). Slopes indicate the charge state, as also
indicated by the labels “0” and “1+”. Both Ga-rich and O-rich
conditions are shown.

Figure 5. Scanning electron microscopy images of Ga2−2xTxO3 [0 ≤ x
0.15] samples sintered at 1350 °C.
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with the stoichiometry the intensity of the Ti peak increases

with increasing Ti content.
3.4. Chemical Bonding. Figure 7 represents the survey

spectra of the GTO compounds. The survey spectra clearly

show core level peaks correspond to Ga 2p, O 1s, C 1s, Ga 3d,

Ga 3s, Ti 2p, and Auger lines (Ga LMM, O KLL). In the

survey scan, at lower concentrations of Ti doping the intensity
of the Ti 2p peak is not prominent but at x = 0.20 it shows
considerable intensity with clear visibility. The position of the
Ti 2p peak is represented with a dotted red line. Hence, we
have recorded high-resolution spectra of Ga 2p, O 1s, and T 2p
peaks to explore changes associated with chemical bonding and
binding energy due to Ti doping.
Figure 8a represents the high-resolution spectra of Ga 2p.

Ga 2p exhibits doublet characteristics corresponding to Ga
2p3/2 and Ga 2p1/2 with BEs 1117.6 and 1144.5 eV,
respectively. Understanding the behavior of Ga 2p peaks
provides information about Ti doping induced changes
associated with Ga−O chemical bonding and Ga valence
state in the synthesized GTO compounds. The reported BE
values of Ga 2p3/2 and Ga 2p1/2 in metallic Ga are 1117.0 and
1144.0 eV, respectively. It is evident from spectra that there is a
positive shift of approximately 0.5 eV as compared to metallic
Ga. The shift in the BE occurs mainly due to the redistribution
of the electronic cloud around the constituent atoms.64−66 On
the basis of the derived information and validating with the
available literature, it is inferred that Ga exists in trivalent state
(i.e., Ga3+) within these GTO compounds.67

High-resolution spectra of O 1s are depicted in Figure 8b. In
all the synthesized compounds, including intrinsic Ga2O3, an
asymmetry in peak shape is observed.64 The O 1s peak
resolved into two regions: (a) a main peak centered at 530.7
eV and (b) two small shoulder peaks located at higher binding
energies at 532.2 and 533.4 eV. To represent the peak
positions, in Figure 8b the main peak and peak at 533.4 eV are

Figure 6. Electron dispersive spectroscopic mapping and spectra of two selected compositions.

Figure 7. XPS survey spectra of Ga2−2xTixO3 (0 ≤ x ≤ 0.2)
compounds sintered at 1350 °C.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.9b00747
Cryst. Growth Des. 2020, 20, 1422−1433

1427



highlighted with blue and pink dotted lines, respectively. It has
been reported in the literature that the O 1s peak for intrinsic
Ga2O3 occurs generally at BE of 530.6 eV, whereas it occurs at
530.1 eV for intrinsic TiO2. Hence, from the main peak at
530.7 eV, it is evident that there is no considerable variation in
binding energy; however, peak broadening was noticed in Ti-
doped compounds. The peak broadening in doped compounds
might be due to interaction between Ga−O and Ti−O
chemical bonds. The shoulder peaks at BE 532.2 and 533.4 eV
attributed to O−C or O−H bonds on the surface of the
sample. The adventitious carbon gets adsorbed on the sample
surface during the sample transfer procedure from the furnace
atmosphere to the XPS analysis chamber.64

The high-resolution Ti 2p spectra are shown in Figure 8c.
Similar to Ga 2p, Ti 2p also exhibits doublet characteristics of
Ti 2p3/2 and Ti 2p1/2, which appear at BE of 458.5 and 464.2
eV, respectively, for TiO2. From BE values of Ti 2p3/2 and Ti
2p1/2, it is evident that Ti stabilizes in the tetravalent state
(Ti4+) in all of the GTO compounds.68 The deconvolution of
(fitting) Ti 2p3/2 results in a single peak, which confirms the
absence of other valence states of Ti. Interestingly, we are
unable to fit the Ti 2p1/2 peak. The possible reason for this is
the obtained Ti 2p1/2 peak is broader with less intensity than is
usually expected. Such broadening and less intensity of the Ti
2p1/2 peak are attributed to Coster−Kronig effect; due to this
effect Ti 2p1/2 is a very short lived state compared to Ti 2p3/2
that resulted from post-ionization. Moreover, with increasing
Ti concentration in the GTO compounds, the full width at
half-maximum of the Ti 2p3/2 peak is decreased slightly from
1.35 to 1.2 eV, which is very usual in the case of Gaussian/
Lorentzian (GL(30)) peak fitting, where ±0.2 eV is
maintained as the error bar.
3.5. Optical Properties. Figure 9 represents the optical

absorption spectra of Ga2−2xTixO3 (0 ≤ x ≤ 0.2) compounds
sintered at 1350 °C. Doped compounds exhibit two absorption
edges in contrast to intrinsic Ga2O3, first around 300 nm and
second around 400 nm; in the figure red and blue dotted ovals
represent the same. The observed absorption edges in doped
compounds are similar to those of intrinsic β-Ga2O3 and
undissolved TiO2. The red shift in the absorption edge was
noted in both edges, but the red shift in the second absorption
edge is not prominent. As mentioned earlier, a red shift in

optical band gap is reported in polycrystalline thin films of Ti-
doped compounds.29 However, in doped compounds the
optical band gap mainly depends on changes associated with
electronic structure (hybridization of atomic orbitals of
constituent elements of the compound), changes in orbital
contributions to valence band and conduction band, defects,
and secondary phases and/or undissolved phases.
Further, Ga2O3 is known to exhibit both direct and indirect

band gaps, whereas rutile TiO2 exhibits an indirect band gap
and anatase TiO2 an indirect band gap. Hence, we have
estimated band gap values using the well-known Tauc
method.69,70 The Tauc equation is given by

α = −hv A hv E( )ng (4)

where α is an absorption coefficient, hν an incident photon
energy, A a proportionality constant, Egthe band gap, n a
constant that determines the type of band gap. n = 1/2
represents a direct allowed transition, n = 2 represents an
indirect allowed transition, n = 3/2 represents a direct
forbidden transition, and n = 3 represents an indirect forbidden
transition. Figure 10a represents the Tauc plot of a direct
allowed transition. In Figure 10a,b, extrapolation of the linear
portion of absorption edges to x-coordinate gives the band gap
values. The direct band gap values vary from 4.6 eV (intrinsic
Ga2O3) to 4.2 eV. The titanium doping induces a red shift of

Figure 8. High-resolution XPS spectra of (a) Ga 2p, (b) O 1s, and (c) Ti 2p.

Figure 9. Optical absorption spectra of Ga2−2xTi1xO3 (0 ≤ x ≤ 0.2)
compounds sintered at 1350 °C.
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0.4 eV in the GTO compounds. But the weak second
absorption was evident from Figure 10a (green circled). The
second absorption edge in Ti:Ga2O3 compounds is the
resultant of TiO2 chemical inhomogeneity and/or phase
separation. From Figure 9 it is clearly noticed that the first
absorption in doped compounds is weak (in the figure
represented as a blue dotted oval), whereas the second
absorption is prominent and strong (in the figure represented
as a red dotted oval). The strong second absorption is mainly
due to undissolved TiO2. The band gap value of undissolved
TiO2 is approximately 2.8 eV; the lower band gap value TiO2

than expected is due to high-temperature processing induced
lattice strains and defects. Assigning this absorption edge to
TiO2 is consistent with the expected band alignment.
Combining the experimental electron affinity of TiO2 (4
eV)71 with a calculated electron affinity of Ga2O3 of 3.90 eV54

shows that the band alignment is of type I, with the band edges
of TiO2 within the band gap of Ga2O3. Moreover, it is evident
that Ti doping induces a red shift of the direct gap of intrinsic
Ga2O3 with a strong absorption edge. The deep donor level of
Ti in Ga2O3 is not directly responsible for the observed red
shift: we expect the crystal to be unintentional n-type doped,
which means that the Fermi level will be close to the

conduction-band edge. In that case, Ti will be in the 0 charge
state (see Figure 4), so that the defect level will be filled. Since
the level is filled, no optical transitions from the valence band
to the defect level can take place. Unpopulating this level
requires shifting the Fermi level much lower, requiring
deliberate doping with compensating defects, such as Mg
and N.23 The small red shift of the direct absorption is
therefore more likely caused by other effects, such as strain
effects due to the TiO2 inclusions and Ti doping induced
structural changes. On the basis of the overall analysis, we
believe Ti doping of Ga2O3 might be useful for realizing new
optical electronic device applications based on Ga2O3.

3.6. Electrocatalytic Activity. The comparatively wide
band gap, as well as negligible catalytic response from Ga-
based active centers, limits the application of β-Ga2O3 as
electrocatalysts or photocatalysts. The lattice incorporation
(doping) of Ti in the present study serves the dual purpose of
engineering the band gap and introducing highly catalytic (Ti)
centers into Ga2O3. While the exploration of β-Ga2O3 as
photocatalysts for the creation of H2 fuel through water
splitting witnessed some progress,41 its use (either in native
state or in doped configuration) as an electrocatalyst is severely
underexplored. Doping Ti into materials demonstrated a great

Figure 10. Tauc plots of Ga2−2xTixO3 (0 ≤ x ≤ 0.2) compounds: (a) direct band gap and (b) indirect band gap.

Figure 11. Electrochemical characterization of the doped and undoped Ga2O3. (a) Polarization curves obtained at 50 mV s−1 scan rate and (b)
Tafel slopes for Ti-doped samples.
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capacity to improve photo- and electrochemical properties.72,73

Hence, we investigated the cumulative effect of band structure
modification and introduction of new catalytic centers in
doped β-Ga2O3 samples, taking hydrogen evolution reaction as
the model electrocatalytic process. Figure 11a illustrates the
effect of different doping concentrations of Ti on the
electrocatalytic activity of β-Ga2O3. The intrinsic Ga2O3 did
not exhibit any electrocatalytic activity in aerobic conditions
within the potential range explored in the study. However, we
can see the significant electrocatalytic nature of the
Ga2−2xTixO3-doped samples with the highest activity when x
= 0.10, with an onset potential of 860 mV. By fitting the linear
portions of the Tafel plots to the Tafel equation (η = b log j +
a, where j is the current density and b is the Tafel slope), the
slope of 136 mV per decade was obtained for x = 0.10
Ga2−2xTixO3 (Figure 11b). The lower onset potential and Tafel
slope, in combination with a higher current density, implies the
superiority of Ga2−2xTxO3 (x = 0.10) toward HER. The
observed enhancement in the activity of Ti-doped Ga2O3 can
plausibly be attributed to the availability of more catalytically
active sites, where the Ti doping retains its additional electron
(in n-type conditions). The doped metal atom on the surface
can promote the water dissociation step of HER by decreasing
the free-energy barrier for the transformation of H+ ions to H2.
It is imperative to note that the direct band gap of β-Ga2O3

decreases due to Ti doping, which in turn facilitates more
comfortable proton reduction. Nevertheless, the electro-
catalytic activity does not follow a linear relationship with
doping. We hypothesize that the optimum positioning of the
bands that enables faster HER is obtained for the Ga2−2xTixO3

with x = 0.10, while further increase in doping concentration
shifts the band alignment. Hence, we attribute the overall
enhancement to the synergistic effect of electronic effect
(energy level matching) and rich active sites. Our results
indicate that engineering the electron density of β-Ga2O3 via
metal doping can significantly influence the electrocatalytic
activity of β-Ga2O3 and tuning the doping concentration as
well as the size and shape of the base material can derive highly
efficient Ga2O3-based electrocatalysts.

4. CONCLUSIONS

Ga2−2xTixO3 (GTO) (0 ≤ x ≤ 0.20) compounds were
synthesized using a conventional high-temperature solid state
reaction route. The samples were calcined at different
temperatures 1050, 1150, and 1250 °C. X-ray diffraction of
calcined samples at 1250 °C reveals that at low concentrations
of Ti ≤ 5 at. % results single-phase formation, whereas beyond
5 at. % a significant undissolved TiO2 rutile phase was present.
Samples were sintered at 1350 °C; from X-ray diffraction of
sintered samples it is evident that a fraction of undissolved
TiO2 rutile phase transforms into monoclinic TiO2 phase. In
sintered samples mixed undissolved phase (rutile + mono-
clinic) is present in samples with Ti content beyond 5 at. %.
Crystal symmetry of intrinsic and single-phase compound was
examined using Rietveld method. Rietveld analysis of intrinsic
β-Ga2O3 and single-phase compound (x = 0.05) confirms that
compounds are stabilized in monoclinic symmetry with C2/m
space group. Microstructural features of samples reveal that
intrinsic β-Ga2O3 exhibits rod shaped morphology and doped
compounds exhibit spherical morphology. Doped compounds
exhibit abnormal grain growth, and twin structures resulted by
enhanced mass transport and anisotropic abnormal grain
growth, respectively. Moreover, the density of twin structures

increases with increasing Ti concentration. High-resolution
XPS of Ga 2p reveals that a positive shift in peak position as
compared to metallic Ga resulted from electron cloud
redistribution of adjacent atoms, and anomalous broadening
in Ti 2p1/2 was noticed due to the Coster−Kronig effect. Ti
behaves as a deep donor in Ga2O3 and preferentially
substitutes on octahedral sites. The optical properties of
GTO compounds reveal that Ti induces a red shift in direct
allowed transition. A strong absorption within the Ga2O3 band
gap is evident in doped compounds with Ti concentration ≥

0.10 at. %, and consistent with a type 1 alignment, where the
band edges of TiO2 are within Ga2O3’s band gap. Moreover,
Ti-doped compounds exhibit electrocatalytic activity in
contrast to β-Ga2O3; such electrocatalytic behavior of doped
compounds is plausibly due to dopant induced catalytic sites.
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